Functional Approaches to Gene Isolation in Mammalian Cells
A Techview by Gregory J. Hannon et al. (1) provides an overview of procedures described as a new methodology for functionbased gene isolation in mammalian cells and termed "MaRX." The basic concepts and most of the technical aspects of the MaRX methodology described therein seem indistinguishable from the principles and methods that our laboratories and others have published over many years. Hannon et al. cite only a few earlier publications (2-7), which they describe as "sporadic attempts" to apply molecular genetics to cultured mammalian cells. In fact, not only specific methods used in the MaRX procedure, but even some of the results described by Hannon et al. as their unpublished data have already been published by others, but were not credited by Hannon et al. (1) . The two concepts attributed to MaRX methodology by Hannon et al. (1) , are "the use of nucleic acid as a 'virtual mutagen' " and a set of methods for "efficient introduction of cDNA libraries into target cells" and "efficient recovery of either individual genes or complex sublibraries from cell populations that have been enriched on the basis of a specific biological characteristic." Both of these concepts, however, have been well established and extensively utilized in many publications. Specifically, antisense-oriented cDNA sequences and senseoriented sequences encoding dominant mutants have been used as tools for gene cloning and characterization in mammalian cells. For example, gene cloning through the selection of cDNA sequences cloned in antisense orientation relative to the promoter has been used not only by Deiss et al. (2) , but also in other studies (8 -15 ) that describe the isolation of different genes involved in apoptosis and tumor suppression. Furthermore, the specific components of the MaRX methodology are not novel, but involve the procedures that have been previously developed for the isolation of genetic suppressor elements (GSEs), which are short sense-or antisense-oriented cDNA fragments with biological activity (16 -18) . These procedures include the use of retroviral expression vectors for constructing cDNA fragment libraries (7, 19 -24) , normalization of cDNA prior to cloning (19) , and the use of multiple rounds of phenotypic selection with the recovery of the selected sublibraries or individual genes after each round (7, 19 -24) . A procedure that has been used in MaRX but not the GSE technique is the use of Cre recombinase for the recovery of retroviral inserts from the selected cells (25) . This approach, however, has been used by others for similar purposes (26) , and there is no evidence that it is more efficient than alternative rapid methods for insert recovery used in GSE selection (18, 19, 27) .
Hannon et al. (1) chose to illustrate the utility of the MaRX methodology by describing unpublished experiments in which they have selected fragments of p53 cDNA that inhibit biological functions of this tumor suppressor. In fact, selection of inhibitory p53 fragments has been the subject of papers published by our laboratories in 1996 and 1997 (21, 22) . Similar selection procedures were also used to isolate inhibitory fragments from the cDNAs of topoisomerase II (7 ) and kinesin heavy chain (23) genes. Hannon et al.
(1) also mention their unpublished data on the identification of new genes involved in resistance to widely used pharmaceuticals. Identification of genes with such function, however, was the subject of a 1994 paper of ours, which utilized a normalized cDNA library in a retroviral vector for GSE selection and resulted in the identification of kinesin as a determinant of cellular drug sensitivity and senescence (19) . Other published examples of GSE selection from retroviral libraries include the cloning of ING1 candidate tumor suppressor gene (20) and the isolation of GSEs from the genome of HIV-1 that protect CD4ϩ T cells from HIV infection (24) . Aside from the examples of GSE selection, many other groups have utilized retroviral libraries for cloning full-length or nearly fulllength cDNAs with functional activities (3, 4, 28 -34) . Thus, the MaRX technology for function-based gene isolation in mammalian cells is not a novel approach, as presented byAs discussed by Hannon et al. in their Techview (1), functional approaches to gene cloning in mammalian cells grown in culture are based on two concepts, both of which are directed at overcoming impediments to the use of genetic methods in cultured cells. One concept is the use of nucleic acids as "virtual mutagens" for trapping genes on the basis of their function. The other is the development of efficient strategies for introduction and recovery of complex cDNA libraries to allow multiple rounds of phenotypic selection and rapid screening for identification of the functionally relevant genes. Hannon et al. do not discuss how these two concepts have been raised and thoroughly processed over the past decade, serving as a basis for the design of several successful genetic strategies, such as the technical knock out (TKO) (2), the use of genetic suppressor elements (GSE) (3), the "death trap" (4 ), and others (5). These wellestablished methods were designed according to the same principles as those applied by Hannon et al., including: (i) use of cDNA libraries (anti-sense or sense fragments, or both) to randomly reduce or inactivate gene expression, (ii) development of different expression vectors that provide an efficient gene transfer system and thus the capability to represent a complex library in a single transfection event, (iii) isolation of the functional cDNA fragments by applying strong positive phenotypic selections, and (iv) easy and rapid recovery approaches for the rescue of the relevant functional genetic elements, approaches which also enable multiple rounds of phenotypic selection. Every step derived from these principles has been thoroughly worked out in different methodologies (6 -8) .
Moreover, an early instance of system validation (that is, the ability to isolate from a complex cDNA library a rate-limiting gene by effectively inhibiting its expression in mammalian cells through an anti-sense cDNA fragment) was achieved in 1991 with the TKO strategy (2) .
Previous use of these methodologies led to the successful isolation of novel genes, which have been studied in depth over the past years. The TKO system led to the identification of five novel cell death-promoting genes (named DAP genes) (6, 9 -16) . These genes were shown to display a wide involvement in apoptotic processes and, in the case of DAP-kinase, to possess tumor-suppressive activity (13, 14) . The GSE methodology resulted in the cloning of a novel tumor suppressor gene, ING 1 (17) . The "death trap" resulted in the isolation of ALG-2 and ALG-3 genes, which play a role in neuronal cell death (4). These approaches were applied in a wide range of biological processes, such as apoptosis triggered by cytokines, cytotoxic drugs, growth factor deprivation, or T cell receptor activation, as well as tumor formation in nude mice.
The power which resides in these function-based gene cloning approaches has already proved itself.
We would like to address in greater detail the TKO system, and provide some additional technical information that may be critical in planning functional approaches to gene cloning in general. This approach was applied in apoptotic cell systems. Detailed structure and function work, done over the past years on several DAP proteins, indicates that the TKO method targeted different rate-limiting genes that operate at various junctions within the molecular networks controlling apoptosis (6, 7, 9 -16 ) . This early demonstration showed that functional gene cloning approaches, performed in mammalian cell cultures, could lead to the genetic dissection of a biological process at a resolution comparable to that provided by the classical genetic tools used in yeasts and low invertebrates.
The four basic principles mentioned above were fulfilled in the case of the TKO methodology by choosing an Epstein-Barr virus (EBV)-based, self-replicating, episomal shuttle vector to express a directional antisense cDNA library (Fig. 1) . The unidirectional strategy increased the probability of acquiring "recessive mutations" resulting from loss of expression. The episomal vector had several advantages over vectors which integrate into the genome. (i) It reduced the background of non relevant phenotypic alterations occurring as a result of random integrations into DNA. (ii) The episomes were easily rescued from the transfected cells by a simple DNA extraction procedure with no need of other genetic manipulations. This yielded a rapid and convenient way to perform multiple rounds of phenotypic selection and also solved the issue of plasticity of tissue culture cells, because only the individual cDNA fragments that transduced the phenotypic change, in subsequent transfections, were scored as real positives (6, 12) . (iii) The episomal vector accumulated at multiple copies in the stable transfectants, resulting in high expression levels (6, 12) . (iv) The promoter cassette of the vector had been manipulated to confer much stronger expression of anti-sense RNAs during the phenotype selection. Because interferon-␥ was the trigger that induced apoptosis, an interferon-responsive enhancer element was introduced into the vector to increase expression during the selection by the killing cytokine (2). Other transcription enhancer elements can be used in other types of selections. In retrospect, the latter manipulation was found to be critical for the success of the functional cloning, because high expression of anti-sense RNA during the phenotypic selection was essential to the efficient reduction of protein concentrations (6, 9, 10) . (v) Moreover, the chances of cloning genes from the basic cell death machinery, instead of genes that function proximal to the receptors, were increased by making the selection dependent on this specific enhancer element. All these technical "tips" can be adapted in one way or another to other types of phenotype selections in cell cultures for the rescue of genes that control replicative senescence, cell cycle arrest, or suppressors of tumorigenicity.
The advantage of functional approaches to gene cloning is that they select the relevant rate-limiting genes controlling a biological process in an unbiased manner. As a consequence, novel targets and unpredicted mechanisms may emerge, as became evident from the study of DAP proteins. For example, the calcium/calmodulin-dependent DAP-kinase, which was found to be localized to the actin microfilaments, may provide a molecular handle to study the collapse of the microfilament system in apoptosis (11) . Most important, DAP-kinase was found to possess tumor suppressive activities, as analyzed initially in mouse model systems, where DAP-kinase displayed strong antimetastatic effects (14) and later, in other in vitro systems that tested suppression of oncogenic transformation (18) . In human carcinoma cell lines and B cell lymphomas, DAPkinase expression was lost at high frequency (13) . Thus, screening systems for genes that are rate limiting in apoptosis may target tumor suppressor genes. Another breakthrough step related to the discovery of DAP-5. The structure and function features of this novel translation regulator resemble the proteolytically cleaved eIF4G initiation factor, which appears in cells on infection with some RNA viruses, and which directs cap-independent translation (12) . The rescue of DAP-5 revealed the existence of a strong link between apoptosis and the control of protein synthesis, which seems to be critical in certain apoptotic systems, and focused some of the mechanistic studies in this direction. Another example is the isolation of cathepsin D by the TKO method, which suggests that lysosomal proteases are recruited during apoptosis, in addition to the well-known caspase family of proteases. A unique pattern of regulation affecting the processing of this protease was subsequently shown to occur during apoptosis (10) , in a study that would not have been initiated otherwise. Altogether, the discovery of DAP genes adds a significant weight to the molecular information available on apoptosis.
In conclusion, the TKO led to a long-term systematic study of several important genes, each of which controls a different rate limiting step in apoptosis. This history shows the power of these strategies to dissect a complex molecular network underlying a biological process.
